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Anisotropic spin-fluctuations in SmCoPO revealed by 31P NMR measurement
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31P NMR spectral features in polycrystalline SmCoPO reveal an axially symmetric local magnetic
field. At low temperature, the anisotropy of the internal magnetic field increases rapidly, with Kab
increasing faster than that of Kc. The dominant contribution to this anisotropy arises from Sm-4f
electron contribution over that of Co-3d. The intrinsic width 2β deviates from linearity with respect
to bulk susceptibility below 170 K due to the enhancement of (1/T2)dynamic, which along with the
continuous increase of anisotropy in the internal magnetic field is responsible for the wipe out effect
of the NMR signal, well above TC . 1/T1 shows large anisotropy confirming a significant contribution
of Sm-4f electron spin fluctuations to 1/T1, arising from indirect RKKY type exchange interaction
indicating a non-negligible hybridization between Sm-4f orbitals and the conduction band, over the
itinerant character of the Co-3d spins. This anisotropy in originates from the orientation dependence
of χ′′(q, ω). The 3d-spin fluctuations in the ab plane is 2D FM in nature, while along the c-axis,
a signature of a weak 2D AFM spin fluctuations superimposed on weak FM spin-fluctuations even
in a field of 7 T and far above TN is observed. The enhancement of this AFM fluctuations of the
Co-3d spins along c-axis, at further low temperature is responsible to drive the system to an AFM
ordered state.
PACS numbers:
I. INTRODUCTION
The unconventional nature of the iron based (grouped
in several families) superconductors has drawn im-
mense attention from the theoreticians as well as
experimentalists.1 Presence of strongly correlated elec-
trons are responsible for diverse electronic and mag-
netic properties shown by these materials. The non-
superconducting parent compounds also show interesting
properties2,3 such as spin density wave (SDW) transition,
structural phase transition, itinerant ferromagnetism etc.
Several members of these families show superconductiv-
ity (SC) upon carrier doping. In 1111 and 122 family,
superconductivity can be achieved by Co doping in place
of iron.4,5 It is presumed that the study of Co based non
superconducting members may provide useful informa-
tion about the key factor that determines the ground
state i.e. either SC or magnetic.
The magnetic property of the RECoAsO (RE = rare
earth) series has been investigated4,6–14 for both non-
magnetic (La), and magnetic (Ce, Pr, Sm, Nd, and Gd)
members, the RECoPO on the other hand has been re-
ported for LaCoPO6,15–17 and CeCoPO.18 Both these
compounds exhibit only ferromagnetic transition due to
Co-3d electrons with TC = 35 K and 75 K respectively.
The Ce-ions are on the border to magnetism with a
Kondo scale of TK∼40 K with enhanced Sommerfield co-
efficient of γ=200mJ/molK2. In RECoAsO series, La,
Ce, and Pr show paramagnetic (PM) to ferromagnetic
(FM) transition,8 whereas Sm, Nd, and Gd show PM
→ FM → antiferromagnetic (AFM) transition.8,13 The
AFM transition was proposed to be mediated by the in-
teraction between the RE -4f and the Co-3d electrons.
Furthermore, in SmCoAsO and NdCoAsO a second AFM
transition only due to RE ion was also reported.10,14 Re-
cently it has been shown from magnetization and spe-
cific heat measurements that Sm/NdCoPO also undergo
three magnetic transitions i.e. TC,Co (80 K), the Sm
4f -
Co3d/Nd4f -Co3d interplayed AFM transition (TN1) be-
low 20 K and finally Sm3+/Nd3+ spins individual AFM
transitions at (TN2)=5.4/2.0 K.
19 The important differ-
ence between these two series is that in RECoAsO, the
TC increases from La to Ce and remains unchanged for
Pr - Gd, whereas in LCoPO family, the TC increases
progressively as we go down the series from La to Sm.
Thus the strength of the exchange interactions changes
as one replaces As by P. In both the series, the lattice
volume decreases across the series. In general, with the
application of chemical or physical pressure, TC decreases
due to the increment of density of state (DOS) at Fermi
level (magneto-volume effect). However, due to the lat-
tice size decrement, the three dimensionality of the mag-
netic interaction may enhance causing an increment of
TC , thereby confirming the active role of the competing
phenomena governing the actual ground state.
Our earlier 31P and 139La NMR measurements in grain
aligned (c‖H0) LaCoPO (quasi 2D Fermi surface) reveal
that the spin fluctuation of 3d electrons in PM state is ba-
sically two dimensional (2D) in nature with non negligible
3D part and it is 3D in the FM state.15,17 Moreover, re-
laxation rate shows weak anisotropy. Since SmCoPO has
the minimum unit cell volume in this series, it would be
interesting to study the paramagnetic state to probe the
interplay between increasing interlayer interaction due to
three dimensionality of the Fermi surface (causes incre-
ment of TC) and magneto-volume effect (causes decre-
ment of TC). Probing dynamic spin susceptibility, the
2spin-lattice relaxation rate provides microscopic informa-
tion on the dimensionality of spin-fluctuations. We would
thus examine a few pertinent questions: (i) is the decre-
ment of lattice volume in SmCoPO low enough to make
the spin-fluctuation 3D in nature even in the paramag-
netic state? (ii) Whether any anisotropy is expected in
the nuclear relaxation rate in SmCoPO because the con-
tributions of different 3d orbitals of Co and 4f orbitals
of Sm to the Fermi surface, governing nuclear relaxation,
would change as a result of the lattice shrinkage? and
(iii) to understand the mechanism which drives the FM
oriented Co-3d spins to reorder antiferromagnetically at
further low temperature which persists even in a field of
14 T.
II. EXPERIMENTAL
Polycrystalline samples of SmCoPO and LaCoPO were
synthesized by solid state reaction the details of which are
described in19. The powder sample was characterized us-
ing x-ray diffraction technique with CuKα radiation at
room temperature in a Rigaku X-ray diffractometer. The
Rietveld analysis of the X-ray powder diffraction data
confirmed that the samples are crystallized in tetrago-
nal phase with all the peaks indexed to the space group
P4/nmm. The 31P NMR measurements were carried
out in powder samples of SmCoPO and LaCoPO, using
a conventional phase-coherent spectrometer (Thamway
PROT 4103MR) with a 7.0 T(H0) superconducting mag-
net (Bruker). The temperature variation study was per-
formed in an Oxford continuous flow cryostat equipped
with a ITC503 controller. The spectrum was recorded
by changing the frequency step by step and recording
the spin echo intensity by applying a pi/2− τ − pi/2 solid
echo pulse sequence. Shifts were measured with respect
to the 31P resonance line position (νR) in H3PO4 solu-
tion. The spin-lattice relaxation time (T1) was measured
using the saturation recovery method, applying a single
pi/2 pulse. The spin-spin relaxation time (T2) was mea-
sured applying pi/2− τ − pi pulse sequence.
III. RESULTS AND DISCUSSIONS
A. 31P NMR spectra in SmCoPO
The Hamiltonian for the interaction between the nu-
clear and electronic spins in the presence of external field
H0 can be written as
H = −γ~I.H0+
∑
j
I.Aj .Sj+
∑
j
γ~I.µBgSj
3 cos2 θj − 1
r3j
,
(1)
where the first term is the nuclear Zeeman energy, the
second term represents hyperfine interaction with jth
magnetic ion having spin Sj and the third term denotes
the dipolar interaction. In the most general case, when
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FIG. 1: Typical 31P NMR spectrum (◦) in SmCoPO. Vertical
dashed line represents reference position. Continuous lines
correspond to the simulated spectrum derived from eq. 3
using Gaussian line shape. The vertical arrows indicate step
(θ = 0◦) and maximum (θ = 90◦) respectively.
a nucleus experiences a completely anisotropic internal
magnetic field (sum of the hyperfine and dipolar field),
the resonance frequency in a single crystal is given by20
ν = νR[1+Kiso+Kax(3 cos
2 θ−1)+Kaniso sin2 θ cos2 2φ],
(2)
where Kiso = (K1 + K2 + K3)/3, Kax = (2K3 − K1 −
K2)/6, and Kaniso = (K2 − K1)/2. K1, K2, and K3
are the principal components of the total shift tensor.
If a nucleus experiences an internal field of cylindrical
symmetry, the third term in eq. (2) vanishes, since K1 ≈
K2.
In a polycrystalline specimen, the crystallites being ori-
ented randomly, the anisotropic shift results in a broad-
ening proportional to the applied field. Since all values
of u = cos θ are equally probable the expression for the
line shape would be p(ν) ∼ 1/| dν/du |. Superimposing
a gaussian broadening of width 2β, to the resonance line
from each of the crystallites, the line shape in polycrys-
talline sample will be
I(ν′) =
∫
∞
−∞
p(ν) exp[−(ν − ν′)2/2β2]dν. (3)
The shift parameters Kiso, Kax and linewidth (2β) can
be obtained by fitting the spectra using eq. (3).
Figure 1 shows some typical 31P NMR spectra in poly-
crystalline SmCoPO at different temperatures. The res-
onance line shape corresponds to a powder pattern for
a spin I = 1/2 nucleus experiencing an axially symmet-
ric local magnetic field, as expected for SmCoPO hav-
ing tetragonal symmetry. The step in the low-frequency
side corresponds to H0‖c (θ = 0◦) and the maximum in
high frequency side corresponds to H0 ⊥ c (θ = 90◦).
The shift of the step with respect to the reference po-
3sition (νR), corresponds to Kc and that of the maxi-
mum corresponds to Kab, where Kiso =
2
3Kab +
1
3Kc
and Kax =
1
3 (Kc −Kab). The continuous line superim-
posed on each experimental line is the calculated spec-
trum corresponding to eq. 3 using Gaussian line shape.
Most important feature is that the separation between
the step, Kc and the maximum, Kab increases at low
temperature along with line broadening. In particular,
Kab shows much larger change than that of Kc. Finally,
the resonance line could not be detected below 130 K,
(TC at H=7 T is about 110 K as determined from the
derivative of the χ versus T curve; not shown here). The
line did not reappear till the lowest temperature. Such
thing did not happen in case of 31P and 139La NMR stud-
ies in LaCoPO, where the resonance line was detected17
even below TC .
1. 31P NMR wipe out and spin-spin relaxation rate 1/T2
Figure 2 shows the variation of 2β with the bulk mag-
netic susceptibility, χ (with temperature as implicit pa-
rameter) in SmCoPO, depicting a linear χ dependence
of 2β in the range 173-300 K. This arises mainly from
the contribution due to the demagnetizing field. Below
this range there is a significant deviation from linearity,
showing a large enhancement. To get a more quantitative
picture, 31P spin-spin relaxation time (T2) also known as
the transverse relaxation time was measured, as a func-
tion of temperature (inset (b) of Fig. 2). In this measure-
ment, the echo integral (which arises from the transverse
magnetization) was taken as a function of time delays
(τ) between two rf pulses. The recovery of the trans-
verse magnetization was found to be exponential at all
temperatures. T2 was obtained by fitting the equation
M(2τ) = M0 exp(−2τ/T2), (solid lines in the inset (a) in
Figure 2.) where M0 is the initial magnetization. At any
temperature, the magnitude of T2 remains same when
measured at the position of the maximum (θ = 90◦) and
at the step (θ = 0◦) respectively, indicating its isotropic
nature.
In general, 1/T2 can be written as the sum of the
contribution from (i) dipolar interaction between the
nuclear magnetic moments which is temperature and
field independent (1/T2|static) and (ii) the dipolar and
hyperfine interactions of the nuclei with the longitudi-
nal component of the fluctuating magnetic field pro-
duced by the neighboring Co2+ 3d-spins and Sm 4f -
spins. This dynamic part 1/T2|dynamic, is temperature
dependent, when the fluctuation frequency becomes close
to nuclear resonance frequency below a certain temper-
ature, due to the development of short range correla-
tion among the electronic spins as TC is approached. In
weak collision fast motion approximation, one can ex-
press 1/T2|dynamic, in terms of the spectral density of the
spin-fluctuating hyperfine field at zero frequency,21,22
1/T2|dynamic = γn2 < δHz2 > τ(T ) + 1/2T1 (4)
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FIG. 2: The variation of 2β against magnetic susceptibility
(solid circle) in SmCoPO, solid line is the linear fit. Inset
(a): recovery of transverse magnetization at different temper-
atures, solid lines corresponds to M(2τ ) = M0 exp(−2τ/T2);
(b) 1/T2(µs
−1) versus temperature; (c): ∆ν (MHz) versus
∆β (MHz), solid line is the linear fit as discussed in the text.
where δHz is the local longitudinal field originating from
a magnetic moment sitting at a distance r apart from
the probed nuclear spin, and τ stands for correlation
time, which is only determined by the dynamics of the ex-
changed coupled magnetic ions. Therefore, the observed
θ independent behavior of T2, as mentioned above indi-
cates that the longitudinal component of the fluctuat-
ing electronic magnetic field at the 31P nuclear site is
isotropic in nature. It is to be noted that the intrinsic
width, 2β in Eq. 3 contains sum of the contributions
from 1/T2|static, 1/T2|dynamic and that due to the de-
magnetizing field. Among them the first contribution is
magnetic field independent while the second and third
depend on field and the magnetic susceptibility.23
The contribution 2βdynamic to the total 2β was esti-
mated, by subtracting the contribution due to the linear
part determined from the extrapolated values (larger χM
values in Fig. 2) from 2β. In the inset (c) of Fig. 2, we
have plotted this 2βdynamic denoted as ∆β versus the line
width (∆ν) obtained from the measured T2. The linear
behavior confirms that the observed large enhancement
of 2β below 173 K arises due to the enhancement of 1/T2
or more specifically (1/T2)dynamic. As T2 reaches a value
of 25 µs at 150 K, there is a possibility that at lower
temperature, it becomes so short that one has to apply a
delay time τ between the two rf pulses (pi/2− τ − pi/2)
used to observe the spin echo, which is comparable to
or shorter than the dead time of the spectrometer. As a
consequence, the NMR signal coming from the 31P nu-
clei can not be digitized by the spectrometer, resulting
the whole signal to vanish.
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FIG. 3: Kab, Kc vs temperature for SmCoPO (filled circle
and open circle respectively) and Kab, Kc vs temperature for
LaCoPO (filled star and open star respectively), Inset shows
Kab, Kc vs χ for SmCoPO and the solid line is the linear fit.
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FIG. 4: Kiso, Kax vs temperature for SmCoPO (filled circle
and open circle respectively) and Kiso, Kax vs temperature
for LaCoPO (filled star and open star respectively), solid lines
correspond to Eq. 6. Inset shows Kiso, Kax vs χ for SmCoPO
and the solid line is the linear fit.
B. Knight shift and hyperfine field
Figures 3 and 4 show temperature dependence of shift
parameters Kc, Kab, Kiso and Kax in SmCoPO and the
same in LaCoPO for comparison. Around 300 K, shift
parameters for LaCoPO and SmCoPO are of same mag-
nitude, however, at low temperature, Kab, Kc, Kiso and
Kax for SmCoPO increases rapidly than in LaCoPO.
Measured shift can be written as K = K0 + K(T ),
where K0 is the temperature independent contribution
arising from conduction electron spin susceptibility, or-
bital susceptibility and diamagnetic susceptibility of core
electrons. K(T ) arises from the temperature dependent
susceptibility due to Co-3d and Sm-4f spins,
K(T ) = (Hhf/NµB)χ(T ) (5)
Hhf is the total coupling constant due to the electron
nuclear hyperfine and dipolar interactions, N is the avo-
gadro number and µB is the Bohr magneton. Insets of
Figs. 3 and 4 show linear variation of Kc, Kab, Kiso and
Kax with χ = M/H . From these plots the obtained val-
ues of the coupling constants are Habhf , H
c
hf , H
iso
hf , H
ax
hf
are 18.4, -4.46, 13.4 and -5.19 kOe/µB respectively. Us-
ing the atomic coordinates of Sm, Co and P, Haxdip (-0.44
kOe/µB) at the
31P site was calculated from Eq. 9 of
sec.III.C. The value is one order of magnitude smaller
than that of experimental Haxhf . Thus the observed tem-
perature dependent anisotropic part of the shift is mainly
due to the hyperfine interaction. If we consider that the
contribution toKax due to Co-3d electrons is nearly same
in LaCoPO and SmCoPO, then the observed larger en-
hancement of Kax in SmCoPO at low temperature com-
pared to that in LaCoPO ( Fig. 4) is a signature of more
pronounced contribution of Sm-4f electrons over that of
Co-3d for producing anisotropic local magnetic field at
the 31P site.
Temperature dependence of Kiso can be well described
by the Curie-Weiss type behavior,
Kiso(T ) = (H
iso
hf /NµB)
C
(T − θ) (6)
as represented by the continuous line in figure 4 for La-
CoPO and SmCoPO. The estimated Peff value from
Curie-Weiss constant (C) are 1.4µB with θ=53 K for La-
CoPO and 1.65µB with θ=110 K for SmCoPO, which
are in close agreement with those determined from mag-
netic susceptibility data.19 This indicates that their is a
contribution of Sm 4f moment over that of Co 3d mo-
ment even in the paramagnetic state. It is to be noted
that in NdFeAsO1−xFx and CeCoAsO the
75As Knight
shift24,25 was found to be influenced by 4f moments
though As is situated in a different plane. A notable
difference between FeAs based systems and CoP/CoAs
based systems is that the hyperfine field at the 75As
site in LaFeAsO(1−x)Fx is temperature independent and
the temperature dependence appears only when La is re-
placed by other rare earths.24,26 Whereas, in CoP/CoAs
based systems, the hyperfine field is temperature depen-
dent even in LaCoPO15,16 and LaCoAsO12. Substitution
of other rare earth gives an additional temperature de-
pendent contribution to the shift arising from 4f elec-
trons superimposed on that due to Co 3d electrons.
C. Nuclear spin-lattice relaxation rate 1/T1
1/T1 was determined from the recovery of the longitu-
dinal component of the nuclear magnetization M(τ) as a
5function of the delay time τ using equation
M(τ) =M(∞)(1 − exp−τ/T1) (7)
for nuclear spin I=1/2. The recovery curves (inset (a)
of Fig. 5) were found to be exponential throughout
the whole temperature range, as expected for an ensem-
ble of I=1/2 nuclei with a common spin temperature.
This confirms good sample homogeneity with negligible
amount of phosphorous containing impurity phase. The
temperature dependence of the 31P nuclear spin-lattice
relaxation rates (1/T1)ab and (1/T1)c in SmCoPO (in-
set(b) of Fig. 5) in the temperature range 140 - 300 K
clearly show the anisotropic nature. The T1 values in
SmCoPO are one order of magnitude shorter than that
in LaCoPO near 300 K and becomes two orders of mag-
nitude shorter near 140 K. In case of SmFeAsO1−xFx
19F NMR26 relaxation rate (1/T1) was three orders of
magnitude higher than that in LaFeAsO1−xFx.
27 This
enhancement in 1/T1 was also observed in case of
75As
1/T1 in 1111 superconductor with Pr and Nd as rare
earth element.28 The enhancement in 1/T1 was assigned
due to the 4f electrons and not due to the Fe 3d electrons.
Prando el al.26 have concluded that the increment of 1/T1
from 200 K in SmFeAsO1−xFx was due to the Sm 4f
electrons via the indirect RKKY exchange coupling and
which indicates that their is a non-negligible hybridiza-
tion between Sm 4f with conduction electrons i.e. the 4f
electrons are not fully localized in nature. In SmCoPO
the large enhancement in magnitude of 1/T1 at low tem-
perature with respect to that in LaCoPO should also
arise due to the contribution of Sm 4f electrons through
the magnetic dipolar interaction and the hyperfine in-
teraction (through RKKY type conduction electron me-
diated c − f exchange) over the contribution of Co 3d
electrons (which is also present in LaCoPO). Moreover,
the continuous enhancement of 1/T1 in SmCoPO from
below 300 K, indicates the signature of the development
of short range correlation far above TC . This should be
characteristic of itinerant magnetism of both Co 3d and
Sm 4f electrons.29 So 31P will feel the effect of itinerant
Co 3d via the hybridization between Co 3d and P 2p and
also feel the effect of Sm 4f electrons via RKKY inter-
action through the conduction electrons along with the
magnetic dipolar interaction with the same .
Contribution to spin-lattice relaxation rate due to 4f
spin fluctuation (from Sm) via the dipolar coupling30 is
(1/T1)dip =
√
2piγ2n(gµB)
2
6ωe
J(J + 1)
∑
i
r−6i
×[Fi(αi, βi, γi) + F ′i (αi, βi, γi)], (8)
where Fi(αi, βi, γi) and F
′
i (αi, βi, γi) are geometrical fac-
tors which depend on αi, βi, γi, the direction cosines of
ri connecting the i-th Sm atom and
31P nuclear spin with
respect to the principal axes of the dipolar field tensor.
Using the structural parameters19 for SmCoPO we have
calculated the dipolar field at the 31P nuclear site arising
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FIG. 5: (1/T1T )ab (filled circle),(1/T1T )c (open circle) versus
T for SmCoPO and (1/T1T )ab (filled star), (1/T1T )c (open
star) versus T for LaCoPO. The dashed line corresponds to
Eq. 16. Inset(a): recovery curves at different temperatures
where y(τ ) = M(∞)−M(τ)
M(∞)
and Inset (b): (1/T1)ab (filled cir-
cle)and (1/T1)c (open circle) vs T for SmCoPO.
from Sm moment with the formula,
Hdip = µ
∑ (3rjrk − r2δjk)
r5
; j, k = x, y, z (9)
µ is the magnetic moment of Sm moment. The direction
of the principal components of the dipolar tensor coincide
with the crystallographic axes system and this makes cal-
culation of Fi(αi, βi, γi) and F
′
i (αi, βi, γi) simple. Thus
the lattice sum of eq. 8
∑
i
r−6i [Fi(αi, βi, γi)+F
′
i (αi, βi, γi)] = 2.143×1046cm−6.
The electronic exchange frequency ωe is estimated from
the Neel temperature (TN= 5.4 K) of the Sm-4f
moment19 by
(~ωe)
2 =
1
6z
(3kBTN )
2
J(J + 1)
. (10)
Taking z =4, number of the nearest neighbor Sm spins
ωe = 1.46×1011 sec−1. Finally, (1/T1)dip= 434 sec−1. At
300 K the average value of 1/T1 in SmCoPO for θ=0 and
θ=pi/2 is ∼ 1760 sec−1. The value of 1/T1 at 300 K in
LaCoPO is ∼ 300 sec−1. If we now assume that the con-
tribution due to Co-3d spins is nearly same in LaCoPO
and SmCoPO, then also [(1/T1)SmCoPO-(1/T1)LaCoPO]
is more than three times larger than (1/T1)dip for Sm
4f spins i.e. the main contribution to 1/T1 in SmCoPO
comes from hyperfine interaction with the Sm-4f spins.
Main panel of Fig. 5 shows the (1/T1T )ab and
(1/T1T )c vs T curves in SmCoPO and in LaCoPO. In
SmCoPO (1/T1T )ab increases much faster than that of
6(1/T1T )c. Whereas, in LaCoPO this anisotropy is negli-
gible. This enhanced anisotropy is a signature of contri-
bution of anisotropic Sm 4f orbitals along with the Co
3d orbitals. In general, (1/T1T )SF is given by
(1/T1T )SF ∝
∑
q
|Hhf (q)|2χ′′(q, ωn)/ωn (11)
where χ′′(q, ωn) is the imaginary part of the transverse
dynamical electron spin susceptibility, γn and ωn are the
nuclear gyromagnetic ratio and Larmor frequency respec-
tively. Hhf (q) is the hyperfine form factor. Terasaki
31 et
al. in LaFeAsO0.7 and Kitagawa
32 et. al. in BaFe2As2
had shown that at P site Hhf (q) is non-zero for q = 0
and also non-zero for q 6=0 (inplane off-diagonal pseudo-
dipolar hyperfine field has a non zero value along c
axis for q = (±pi, ±pi)). q 6=0 contribution have been
found at As site for BaFe2As2,
32 SrFe2As2,
33 LaFeAsO,
LaFeAsO1−xFx
34 and also in Co doped BaFe2As2
34–36
systems. This indicates that 1/T1T at P site can feel fer-
romagnetic spin-fluctuations as well as antiferromagnetic
spin-fluctuations.
The directional dependence in (1/T1T )ab and (1/T1T )c
can be due to anisotropy in Hhf or due to anisotropy
of χ′′(q, ωn), or both. Inset of Fig. 6 shows that the
ratio (1/T1T )ab/(1/T1T )c is higher than that of the ratio
[(Habhf )
2 + (Hchf )
2]/2(Habhf)
2, which suggests that there is
also a significant anisotropy in χ′′(q, ωn). (1/T1T )c and
(1/T1T )ab are related to χ′′in (in plane) and χ′′out (out
of plane) by the following relations,37
(1/T1T )c ∝
∑
q
2|Hinq |2
χ′′in(q, ω)
ωn
, (12)
(1/T1T )ab ∝
∑
q
[|Houtq |2
χ′′out(q, ω)
ωn
+ |Hinq |2
χ′′in(q, ω)
ωn
],
(13)
Using these relations, we have estimated χ′′in/ωn
and χ′′out/ωn, whose T dependence are shown in Fig.
6. χ′′out/ωn is about two orders of magnitude higher
than χ′′in/ωn. Such anisotropy in relaxation rate
was also observed in other FeAs based systems like
BaFe2As2,
32 SrFe2As2,
33 LaFeAsO, LaFeAsO1−xFx
34
and also Co doped BaFe2As2
34–36 systems. Define A
= [(1/T1T)ab/(1/T1T)c]/[(H
ab
hf )
2 + (Hchf )
2/2(Habhf)
2]. A
will be one if their is no anisotropy in χ′′/ωn and A
will deviate from unity if anisotropy comes from χ′′/ωn.
The values of A obtained using the reported 75As NMR
T1 data in BaFe2As2, SrFe2As2, and LaFeAsO are 2.4,
1.75, 1.5 respectively. Also in Co doped BaFe2As2,
(1/T1T)ab/(1/T1T)c is between 1-2. The value of A in
case of SmCoPO is 5.66. This clearly indicates a dom-
inant contribution of Sm 4f spin fluctuations over that
due to Co-3d electrons, in the anisotropy of 1/T1 in Sm-
CoPO. Anisotropy in spin-fluctuations arises from the
spin-orbit coupling for which the spin and orbital degrees
of freedom get mixed and dynamic magnetic susceptibil-
ity becomes anisotropic. So the preferred directions of
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the value of [(Habhf )
2 + (Hchf )
2]/2(Habhf )
2
≈ 0.53.
orbital fluctuations are determined by the geometry and
orbital characters of the Fermi surfaces. Band structure
calculations using tight-binding approximation is highly
needed to evaluate which 3d and 4f orbital fluctuations
are responsible for anisotropy in spin-fluctuations in Sm-
CoPO.
When the Knight shift and nuclear spin-lattice re-
laxation process are governed by conduction electrons,
1/T1TK
2 is constant. If their is an exchange interaction
between the electrons then using Stoner approximation
along with random phase approximation, modified Ko-
rringa relation can be written as38–40 S0/T1TK
2
spin =
K(α), where S0 = (~/4pikB)(γe/γn)
2 and
K(α) = 〈(1− α0)2/(1− αq)2〉FS . (14)
αq = α0χ0(q)/χ(0) is the q-dependent susceptibility en-
hancement, with α0 = 1 - χ0(0)/χ(0) representing the
q = 0 value. The symbol 〈〉FS means the average over
q space on the Fermi surface. χ(0) and χ0(q) represents
the static susceptibility and the q mode of the gener-
alized susceptibility of noninteracting electrons respec-
tively. K(α) < 1 means the spin-fluctuations are en-
hanced around q = 0, leading to the predominance of fer-
romagnetic correlations andK(α) > 1 signifies that spin-
fluctuations are enhanced away from q = 0. This would
indicate a tendency towards AF ordering (at q 6=0). Inset
of Fig. 7. shows that for LaCoPO,K(α)ab andK(α)c are
< 1 when calculated at 160 K, which shows the predomi-
nance of ferromagnetic spin-fluctuations in both these di-
rections. Whereas, in SmCoPO, K(α)ab < 1 but K(α)c
> 1/(1.8), calculated at 160 K. The values of K(α)ab,
K(α)c for LaCoPO and the value K(α)ab for SmCoPO
suggest that the spin fluctuations are ferromagnetic in
nature both in the ab-plane and along the c direction in
LaCoPO. However, the same in SmCoPO is FM in the
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ab-plane, while along c-direction there is a signature of
the presence of q 6=0 modes in addition to q = 0 modes.
Thus in SmCoPO their exist weak AFM spin-fluctuations
along c axis in contrast to LaCoPO (inset of Fig. 7).
According to the theory of weak itinerant ferromagnet,
if 3D/2D spin-fluctuations are dominant41,42 then 1/T1T
∝ χ1(3/2). Fig. 8 shows the T versus (1/T1TK)ab and
(1/T1TK
3/2)ab plots revealing dominant 2D FM spin-
fluctuations in the ab plane of SmCoPO particularly in
the paramagnetic region.
1. Spin fluctuations parameters
Following the theory of Ishigaki and Moriya42 one can
write the imaginary part of dynamic spin susceptibility
in terms of the two spin-fluctuation parameters T0 and
TA which characterize the width of the spin excitations
spectrum in frequency and wave vector (q) space respec-
tively. For ferromagnetic correlations, we have
χ(q, ω) =
piT0
αQTA
(
x
kB2piT0x(y + x2)− iω~), (15)
where x = q/qB with qB being the effective zone
boundary vector, αQ a dimensionless interaction con-
stant close to unity for a strongly correlated system,
y = 1/2αQkBTAχ(0, 0). Here the susceptibility is per
spin and in units of 4µ2B and has the dimension of in-
verse of energy, T0 and TA are in Kelvin. From Eq. 11
one can derive χ′′(q, ωn) in the limit ωn → 0, since ~ωn
≪ kBT . For 3D spin fluctuations governing the relax-
ation process, one has to integrate χ′′(q, ωn)/ωn, over a
sphere of radius qB(
6pi2
v0
)1/3, whereas, in case of 2D spin
fluctuations, the integration has to be done over a disc of
radius qB(
4pi
v0
)1/2. v0 corresponds to the atomic volume
of Co. So in the latter case
1/T1T = γ
2
nH
2
hf/4TAT0y
3/2 + α (16)
where according to 2D SCR theory, y can be approx-
imately written as y = (T/6T0)
2/3 exp(−p2TA/10T ),
where p is the ferromagnetic moment in µB units and
α is the temperature independent contribution of 1/T1T
arising from the orbital moment of p and d electrons and
the spin of the conduction electrons. Using Eq. 16, we
have estimated the spin-fluctuation parameters TA and
T0 in SmCoPO as 21000 and 2043 K respectively. The
dashed line of Fig. 5 corresponds to Eq. 16.
2. Spin fluctuations and possible antiferromagnetic
spin-structure
According to the SCR theory of itinerant antiferromag-
netism if 3D(2D) spin-fluctuations governs the relaxation
process42 then 1/T1T is proportional to χ
1/2,(1). Inset of
Fig. 8 shows that (1/T1T )c is nearly proportional to
the intrinsic spin susceptibility, probed by NMR shift Kc
(which is proportional to χc), which reveals that AFM
spin-fluctuations are also nearly 2D in nature. A small
slope in this plot could be a signature of the presence of
weak FM spin fluctuations superimposed on the weak 2D
AFM one along the c-direction. Presence of FM spin fluc-
tuation along c-direction due to the inter layer exchange
interaction, in the paramagnetic phase in SmCoPO is rel-
evant (observed from 139La NMR in LaCoPO as shown
in17) as the FM transition precedes the AFM transition.
Possibly this is the reason for which χ′′in/ωn < χ′′out/ωn,
because χ′′out/ωn arises from the sum of the contribu-
tions from q = 0 and q 6= 0 mode of spin-fluctuations.
The appearance of weak AFM spin-fluctuations of the
Co-3d spins, along c-direction, far above the ferromag-
netic transition (which was absent in case of LaCoPO)
is a signature of AF exchange interaction between the
Sm-4f and the Co-3d electrons. This is consistent with
the fact that Sm-O plane is situated in between two Co-P
planes and both are parallel to ab plane. Due to the pres-
ence of AF interaction along c-direction, though the Co
spins in each Co-P plane order ferromagnetically below
TC , at lower temperature when the AF exchange inter-
action between the Sm-4f and Co-3d spins, along the c-
direction becomes more stronger, the Co-3d spins in the
two adjacent planes would try to align antiparallel even
if they remain parallel to each other within a plane. As
a result, the system orders antiferromagnetically. Such
type of spin structure in NdCoAsO has recently been pro-
posed from elastic neutron scattering study.10 Signature
of the presence of weak AF exchange interaction between
the Sm-4f and Co-3d spins even above TC obtained from
31P spin-lattice relaxation data, could possibly be the
reason for the persistence of AF transition in SmCoPO
even in a magnetic field of 14 T, whereas, it disappears
completely at H=5 T in NdCoPO, though the Nd 4f
effective moment is higher than that of Sm 4f . As the
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lattice parameter c in SmCoPO is less than that in Nd-
CoPO, therefore, the strength of the AF exchange inter-
action between Sm-4f and Co-3d spins present along the
c-direction could be more stronger in SmCoPO than in
NdCoPO. Therefore, the 31P NMR shift and the spin-
lattice relaxation studies in other members of LCoPO
series would be interesting to understand the effect of
the change in the lattice volume, on the nature of the
spin fluctuations and as well as the extent of anisotropy,
which drives the system to a particular ground state.
IV. CONCLUSIONS
We have reported 31P NMR results in the powder sam-
ple of SmCoPO. The spectral features reveal an axially
symmetric nature of the local magnetic field. At low tem-
perature, the anisotropy of the internal magnetic field in-
creases, with Kab increasing faster than that of Kc. The
intrinsic width 2β shows a linear variation with χM in
the range 300 - 170 K. Deviation from linearity below
170 K arises due to the enhancement of (1/T2)dynamic.
This enhancement of (1/T2)dynamic along with the con-
tinuous increase of anisotropy in the internal magnetic
field is responsible for the wipe out of the NMR signal,
well above TC . Absence of anisotropy in 1/T2 indicates
the isotropic nature of the longitudinal component of the
fluctuating local magnetic field.
Observed large anisotropy in 1/T1 of SmCoPO com-
pared to that of LaCoPO, confirms a significant contri-
bution of Sm-4f electron arising from indirect RKKY in-
teraction. This indicates a non-negligible hybridization
between Sm-4f orbitals and the conduction band, over
and above the itinerant character of the Co-3d spins. The
anisotropy of 1/T1 originates mainly from the orientation
dependence of χ′′(q,ω). The 3d-spin fluctuations in the
ab plane is primarily of 2D FM in nature similar to that in
LaCoPO, while along the c-axis, a signature of weak 2D
AFM spin-fluctuations superimposed on weak FM spin-
fluctuations even in a field of 7 T and far above TC is
observed. The enhancement of this AFM exchange in-
teraction below TC should be responsible to drive the Co
moment to an AFM ordered state.
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